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We investigate the thermoelectric properties of β-FeSi2 using first principles electronic structure and Boltzmann trans-
port calculations. We report a high thermopower for both p- and n-type β-FeSi2 over a wide range of carrier concentra-
tion and in addition find the performance for n-type to be higher than for the p-type. Our results indicate that, depending
upon temperature, a doping level of 3×1020 - 2×1021 cm−3 may optimize the thermoelectric performance.
β-FeSi2 is a semiconductor1 of potential interest2 as a ther-
moelectric material2–5. In past studies it has been shown that
β-FeSi2 can be doped both as n- and p-type by substituting
suitable elements on the iron and silicon sites6–11. Experi-
mental study has reported ZT values of 0.2 and 0.4 for p-
and n-type samples, respectively2,4. Here ZT is defined as
ZT = S2σT/κ, where S, σ and κ are thermopower, electri-
cal, and thermal conductivity, respectively. Achieving high
ZT values requires simultaneously high thermopower, high
electrical conductivity and low thermal conductivity in the
same material12. In general, optimizing doping level is cru-
cial for efficient thermoelectric performance12–16 and it is not
clear to what extent samples from existing studies have been
optimized. In this present work, based on first principles elec-
tronic structure and Boltzmann transport theory calculations
we address this issue.
These calculations were performed within density func-
tional theory (DFT) using the general potential linearized aug-
mented plane-wave (LAPW) method with local orbitals,17,18
as implemented in the WIEN2k code19. The LAPW sphere
radii were 2.32 bohr and 2.06 bohr (1 bohr = 0.529177 A˚)
for Fe and Si, respectively. In addition Rkmax = 9.0, is used
to ensure a well-converged basis set where, R and kmax are
the smallest LAPW sphere radius and interstitial plane-wave
cutoff, respectively. β-FeSi2 crystallizes in an orthorhom-
bic structure at temperatures below ∼ 1210K20. The calcula-
tions for β-FeSi2 were performed using the lattice parameters
from Ref 1. The internal atomic coordinates were determined
by minimizing the total energy using the generalized gradi-
ent approximation (GGA) of Perdew and co-workers21. The
electronic structure calculation were performed on a dense
18×18×18 k-point mesh. The transport calculations were
done using Boltzmann transport theory22 within the constant
scattering time approximation (CSTA)22,23. The CSTA is
based on the assumption that the scattering time does not vary
strongly with energy. Note that the CSTA does not involve
any assumptions regarding the usually strong temperature and
doping level dependence of the scattering time. The advan-
tage of this approximation is that the thermopower S(T) can
be calculated without using any adjustable parameters. This
has been used in the successful prediction of the thermoelec-
tric properties of many materials16,24. We have used the Boltz-
TraP code25 for transport calculations on a dense 24×24×24
k-points mesh.
The calculated electronic density of states (DOS) and Fe-
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FIG. 1. Calculated total density of states and Fe 3d projection for
β-FeSi2 on per formula unit basis. We have chosen the energy zero
as the valence band maximum.
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FIG. 2. Calculated total density of states near the band edges for
β-FeSi2. We have chosen the energy zero as the valence band maxi-
mum.
3d projection are shown in Fig. 1. Fig. 2 depicts the DOS
near the band edges. The DOS shows the broad Si-p bands
merged with narrow Fe-d bands producing a band gap of 0.67
eV. The valence band extends from about −13.5 eV below the
valence band maximum (VBM). The lower part of the DOS
from the bottom of the valence band to about −7 eV corre-
sponds mainly to Si-s states. Above this the valence and con-
duction both bands are derived from hybridized Si-p and Fe-d
orbitals. There is an onset of heavy bands at −0.15 eV rel-
ative to the VBM, making the light band less important for
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FIG. 3. The band structure of the relaxed bulk structure of β-FeSi2
is shown along high symmetry direction. We have chosen the energy
zero as the valence band maximum.
the electrical transport. β-FeSi2 has a very low DOS ranging
from about −0.15 eV to 0, reflecting the energy range of the
light band. This light band may negatively impact the p-type
performance in comparison to n-type as in the case of skut-
terudite thermoelectrics26,27.
The band structure of β-FeSi2 is shown in Fig. 3. The cal-
culated band gap is indirect between Y (valence band) and a
non-symmetry point between Γ and Z (conduction band) with
a value of 0.67 eV, which is in agreement with past theoreti-
cal studies28–30. For most materials DFT approaches tend to
underestimate the band gap. However, for silicides the DFT
band gap can be close to the experimental value. As explained
by Mattheiss31,32, this occurs since the hybridization effects
which produce the band gap in silicides are well described by
such calculations.
Experimental results on the band gap of β-FeSi2 vary sig-
nificantly. Photoluminescence emission, which indicates a di-
rect gap transition, has been reported by a number of work-
ers for β-FeSi233–35. However, there are a few experimen-
tal reports suggesting an indirect transition. Filonov and co-
workers36 performed optical absorption measurements, which
suggested an indirect band gap of 0.73 eV. Radermacher and
co-workers37 undertook photothermal deflection spectroscopy
measurements, finding an indirect band gap of 0.78 eV. Sim-
ilarly Giannini et. al.38 reported an indirect band gap of 0.80
eV. Further band gap experimental investigation would be
helpful.
Returning to the details of the band structure in Fig. 3 ,
the conduction bands are heavy and anisotropic. They are
also substantially non parabolic even at relatively low ener-
gies above the conduction band minimum (CBM). The VBM
is derived from a single light band of Si character as reported
earlier. As shown in the plot the conduction band contains
three critical points at Y, Γ, and Z at 0.03, 0.06 and 0.035 eV
above the CBM, respectively. These pockets will be accessi-
ble at temperatures of room temperature and above giving rise
to effective degeneracy and multi-carrier transport.
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FIG. 4. Conductivity anisotropy as a function of carrier concentration
for p-(solid lines) and n-type (dashed lines) FeSi2 at 300K.
CSTA yields the conductivity only up to a multiplicative
constant of an average relaxation time τ . However the con-
ductivity anisotropy σii/σav can be calculated without know-
ing τ (where σav is σav = (σxx+σyy+σzz)/3). As discussed
above the bands comprising the CBM and VBM have signifi-
cant anisotropy, suggesting an anisotropy in the conductivity.
As shown in Fig. 4, the high conductivity direction is different
for p-type doping (x) and n-type doping (z) for this material
at 300K. This is unusual because normally the conductivity
reflects the bonding properties of a material, which are inde-
pendent of carrier type. This same unusual effect can be seen
is some other silicides as well e.g CrSi216.
For an anisotropic semiconductor, the Mott formula sug-
gests that thermopower remains isotropic in the limit of high
carrier concentration and low temperature regardless of the
details of the effective mass or its anisotropy. Thus the ther-
mopower is normally more isotropic than the conductivity in
semiconductors. We present the directionally dependent 900
K thermopower in Fig 5.
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FIG. 5. Thermopower along different directions as a function of car-
rier concentration for p-(solid lines) and n-type (dashed lines) FeSi2
at 900K.
The results show a large anisotropy in the thermopower
at low concentration for both p- and n-type carriers. How-
3ever, at high carrier concentration the thermopower shows lit-
tle anisotropy. The low carrier concentration thermopower
anisotropy comes from large and different anisotropy of the
conductivity for p- and n-type, as described above. Inter-
estingly, the low conductivity directions for n-type (x and z)
are the high conductivity direction for p-type giving rise to
a strong bipolar effect along these directions. This is most
prominent for the x direction which is the low conductivity
direction for n-type and is the highest conductivity direction
for p-type. This bipolar effect can be clearly seen in Fig. 5.
The anisotropy at high carrier concentration comes from the
non-parabolic bands.
Fig. 6 shows the direction averaged thermopower as a func-
tion of carrier concentration. The average thermopower is cal-
culated by using the Sav = (σxxSxx+σyySyy+σzzSzz)/(3σav),
where σav can be given as σav = (σxx+σyy+σzz)/3. On
comparing these results with the directionally dependent ther-
mopower Fig. 5 one may note that the bipolar effect is still
quite prominent. This is because the high conductivity direc-
tion dominates the conductivity average, which is the direc-
tion with weakest bipolar reduction.
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FIG. 6. Direction averaged thermopower as a function of carrier con-
centration for p- (solid lines) and n-type (dashed-lines) FeSi2.
To understand the qualitative effect of transport coefficients
on the thermoelectric properties, we recall the expression for
figure of merit ZT = S2σT/κ, where thermal conductivity κ is
κ = κe + κl, i.e. the sum of electronic thermal conductivity
(κe) and lattice thermal conductivity (κl). It is convenient to
rewrite this as ZT = rS2/L, r being the κe/κ, with the obvious
restriction r ≤ 1 and L = κe/σT, the Lorenz number as de-
fined by the Wiedemann-Franz relation. This relation shows
S as the main factor in determining ZT. This equation explains
that bipolar conduction has two main negative effects on ther-
moelectric performance: firstly, it reduces thermopower (S)
and secondly it increases L. Finally, this formula shows the
importance of the lattice thermal conductivity in setting the
limit for the achievable ZT. The thermopower of a semicon-
ductor generally can be enhanced by lowering the carrier con-
centration up until the onset of bipolar conduction (where the
thermopower begins to decrease with decreasing carrier con-
centration, the opposite of the usual situation). However, for
most materials optimum performance typically occurs at car-
rier concentrations above those where the maximum S occurs.
We present in Fig. 6 the calculated thermopower for p-type
at 900K. It shows unipolar behavior over a wide range of car-
rier concentration. Only for carrier concentrations less than
∼ 6×1019 cm−3 does the bipolar effect come into play. At
higher carrier concentrations such as 1021 cm−3 thermopower
still has magnitudes greater than 200µV/K. At temperatures
lower than 900K, i.e. at 300 and 600K the thermopower
is largely free from bipolar effects in the investigated car-
rier concentration range. For these temperatures higher ther-
mopower can be achieved at lower carrier concentration (typ-
ically, 1×1019 cm−3 - 2×1019 cm−3), but at such low carrier
concentrations and temperatures the dominance of the lattice
thermal conductivity will suppress the performance.
For n-type samples the situation is rather different. At 900K
bipolar effects are significant when the carrier concentration
is less than 9×1019 cm−3. As discussed above due to the
absence of light band and presence of multi-carrier transport
n-type leads to higher thermopower than p-type even at high
carrier concentrations. This is in accordance with previous
experimental studies2,4, where for n-type samples higher ZT
has been reported. At temperatures lower than 900K the ther-
mopower is generally not impacted by bipolar conduction in
the investigated carrier concentration range. Furthermore for
n-type thermopower has magnitudes higher than 200µV/K
over a wide range of carrier concentration. For efficient ther-
moelectric performance a high thermopower magnitude (typi-
cally 200µV/K - 300µV/K) free from bipolar effects is desir-
able. We report for n-type β-FeSi2 that this can be achieved
in the carrier concentration range of 3×1020 - 2×1021 cm−3
depending upon temperature.
In conclusion, Boltzmann transport theory calculations for
β-FeSi2 show a large anisotropy in electrical conductivity and
thermopower at lower carrier concentrations for both p- and
n-type carriers. The thermopower results suggest that β-FeSi2
should be investigated for thermoelectric performance for the
electron doping of 3×1020 - 2×1021 cm−3, which roughly
corresponds to 0.09-0.61 electron/unit-cell. While we do not
calculate ZT, we predict high thermopower at high carrier con-
centration, which is observed in many high performance ther-
moelectrics. Achieving such a high doping concentration may
be a challenge. In transition metal disilicides doping on the
metal site (Fe in this case) is less favorable because of a higher
contribution from Fe d states near the band edges as shown in
DOS plot. For this reason a more likely site for doping would
be the Si and interstitial sites. In particular, As and P doping
on the Si site may be indicated.
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